Telomerase adds telomeric repeats to chromosome ends using an internal RNA template and a specialized telomerase reverse transcriptase (TERT), thereby maintaining genome integrity. Little is known about the physical relationships among protein and RNA subunits within a biologically functional holoenzyme. Here we describe the architecture of Tetrahymena thermophila telomerase holoenzyme determined by electron microscopy. Six of the seven proteins and the TERT-binding regions of telomerase RNA (TER) have been localized by affinity labelling. Fitting with high-resolution structures reveals the organization of TERT, TER and p65 in the ribonucleoprotein (RNP) catalytic core. p50 has an unanticipated role as a hub between the RNP catalytic core, p75-p19-p45 subcomplex, and the DNA-binding Teb1. A complete in vitro holoenzyme reconstitution assigns function to these interactions in processive telomeric repeat synthesis. These studies provide the first view of the extensive network of subunit associations necessary for telomerase holoenzyme assembly and physiological function.
Telomerase adds telomeric repeats to chromosome ends using an internal RNA template and a specialized telomerase reverse transcriptase (TERT), thereby maintaining genome integrity. Little is known about the physical relationships among protein and RNA subunits within a biologically functional holoenzyme. Here we describe the architecture of Tetrahymena thermophila telomerase holoenzyme determined by electron microscopy. Six of the seven proteins and the TERT-binding regions of telomerase RNA (TER) have been localized by affinity labelling. Fitting with high-resolution structures reveals the organization of TERT, TER and p65 in the ribonucleoprotein (RNP) catalytic core. p50 has an unanticipated role as a hub between the RNP catalytic core, p75-p19-p45 subcomplex, and the DNA-binding Teb1. A complete in vitro holoenzyme reconstitution assigns function to these interactions in processive telomeric repeat synthesis. These studies provide the first view of the extensive network of subunit associations necessary for telomerase holoenzyme assembly and physiological function.
Telomerase is a unique endogenous eukaryotic reverse transcriptase (RT) required for maintenance of linear chromosome ends and is a highly regulated determinant of cellular ageing, stem cell renewal and tumorigenesis 1, 2 . TER contains a region of sequence complementarity to the telomeric repeat that is used as a template for addition of successive repeats to the 39 end of chromosomes, for example addition of the repeat TTAGGG in humans. The specialized telomerase catalytic cycle of telomeric repeat synthesis has been extensively investigated for the human enzyme and biochemically similar enzymes from model organisms such as the telomere-rich ciliate Tetrahymena thermophila 3 . Whereas only TERT and TER are required for telomerase catalytic activity in vitro, the physiologically functional holoenzyme is a multi-subunit RNP 4, 5 . Affinity purification, mass spectrometry and subunit tagging assays have identified eight telomerase-specific, reciprocally co-purifying subunits of Tetrahymena telomerase holoenzyme, each essential for telomere length maintenance 6, 7 (Fig. 1a ). Three of these subunits are required for in vivo assembly of a catalytically active RNP: TERT, TER and the La-family protein p65 7 . The p65 La and RRM1 domains increase p65 affinity for TER, but only the carboxy-terminal xRRM2 domain (Fig. 1a) is critical for the TER folding that enhances TERT RNP assembly in vitro and in vivo [8] [9] [10] [11] . Two TER regions, loop 4 (L4) next to the p65 xRRM2 interaction site and the TERT high-affinity binding element (TBE) 59 to the template (Fig. 1a ), bind to the TERT high-affinity RNA binding domain (TRBD) [12] [13] [14] . The TERT TRBD, RT domain and C-terminal extension (CTE) form a ring that encircles an active site cavity, with a fourth TERT amino-terminal (TEN) domain ( Fig. 1a ) positioned in a TERdependent but otherwise unknown location [15] [16] [17] [18] [19] .
Little is known about the configuration and roles of the five additional Tetrahymena telomerase holoenzyme proteins required for in vivo telomere elongation (p75, p50, p45, p19 and Teb1; Fig. 1a) ; only Teb1 has a known domain structure. Like the paralogous large subunit of the single-stranded DNA (ssDNA) binding factor replication protein A, Teb1 has four OB-fold domains, NABC (Fig. 1a ); A and B bind ssDNA with high affinity and C is necessary for holoenzyme association 6, 20, 21 . Teb1 is required for the particularly high DNA product interaction stability of an endogenously assembled Tetrahymena telomerase holoenzyme, evident as high repeat addition processivity (RAP) in vitro 6, 20, 21 . The holoenzyme subunits p75, p19 and p45, here designated 7-1-4, form a subcomplex that remains assembled upon micrococcal nuclease-induced dissociation of the other holoenzyme subunits in vitro 6, 21 . Little is known about p50, which seems substoichiometric on silver-stained gels of affinity purified holoenzyme 6 .
Here we report the native electron microscopy structure and a complete in vitro reconstitution of Tetrahymena telomerase holoenzyme. This first physical and functional network architecture of a telomerase holoenzyme provides unprecedented detail about the structure of the RNP catalytic core and reveals the organization of holoenzyme subunits that confer processivity and bridge telomerase to telomeres.
Overall structure and localization of subunits
Tetrahymena telomerase holoenzymes were prepared for electron microscopy ( Supplementary Fig. 1 ) by affinity purification 6 from 10 different strains bearing N-or C-terminal 33Flag (F) and tandem protein A (ZZ) tags (ZZF or FZZ, respectively) on TERT or other holoenzyme subunits ( Supplementary Table) . Comparison of the class averages from negative staining electron microscopy images of telomerase purified using TERT-FZZ (TERT-F telomerase, which results from cleavage of the ZZ tag) to those from cryo-electron microscopy images ( Fig. 1b and Supplementary Fig. 2a , b) shows that the negative stain did not change the structure within experimental resolution. In addition to the predominant ('stable') conformation of the complete holoenzyme particle, constituting 31% of the total particles, the class averages show additional particle subpopulations of varying conformation and subunit composition (described below and Supplementary Fig. 2 ). The class averages from both negative staining electron microscopy images and cryo-electron microscopy images show a strongly preferred orientation ( Supplementary Fig. 2 ).
To overcome the problems of preferred orientation and structural variability, the electron microscopy image acquisition and threedimensional (3D) reconstructions were carried out using an automated random conical tilt (RCT) method 22 (Supplementary Fig. 3 ). The 3D structures of TERT-F and Teb1-F telomerase holoenzymes are indistinguishable ( Supplementary Fig. 4a ), and Teb1-FZZ gave higher yields of holoenzyme. A 3D structure ( Fig. 1c ) of the ,500 kDa Teb1-F telomerase holoenzyme from 3D reconstruction of 2,220 particles with a resolution of ,25 Å ( Supplementary Fig. 4b ) demonstrates wellordered holoenzyme density occupying about 200 3 150 3 80 Å .
To locate each protein subunit within the overall holoenzyme structure, telomerase was purified from strains harbouring FZZ-tagged TERT, p75, p65, p45, p19 or Teb1 in place of the corresponding untagged protein 6 . During purification, the ZZ portion of the tag was removed by proteolytic cleavage, leaving only the short F tag that was labelled using the antigen-binding fragment (Fab) derived from monoclonal anti-Flag antibody (see Methods). Each tagged protein can bind up to three Fabs, as illustrated in some of the class averages and 3D maps ( Fig. 1c and Supplementary Fig. 5 ), which pinpoint to a single spot and localize the binding site of Fab unambiguously. Affinity purification of the biologically functional C-terminally tagged p50 (p50-FZZ) does not enrich sufficient holoenzyme for silver staining detection in SDS-PAGE, probably due to proteolysis between the C-terminal tag location and the region of p50 required for holoenzyme assembly 6 . Instead we used N-terminally ZZF-tagged p50 (ZZF-p50) expressed in partial replacement of the endogenous locus, which did purify holoenzyme to homogeneity ( Supplementary Fig. 6 ). All holoenzyme protein subunits were localized by Fab labelling except p45, which was identified by process of elimination (see Methods). In addition, we affinity purified telomerase from a strain with biologically functional tagged TER harbouring a small hairpin tag (MS2hp), which is recognized by the MS2 coat protein (MS2cp), appended to TER stem 2 (S2) 23 (Fig. 1c and Supplementary Fig. 5g ). The MS2cp dimer bound to this tag appears as extra density in the class averages and thus provides the approximate location of the TBE 59 to the template (Fig. 1a) .
The positions of the TERT and Teb1 C termini and the p50 N terminus could be precisely mapped in the 3D reconstructions of the respective Fab-labelled telomerase particles ( Supplementary Fig.  5a -c), whereas a less precise location of the C termini of p65, p75 and p19 (which due to low purification yield did not give sufficient particles for RCT data collection) was obtained from the class averages ( Supplementary Table, Fig. 1c and Supplementary Fig. 5d -f). Approximate subunit boundaries (schematized in Fig. 1d ) could be modelled after fitting the holoenzyme density with known TERT [15] [16] [17] [18] , TER 8,24-26 , p65 8 and Teb1 20 high-resolution domain structures combined with comparisons of class averages and 3D reconstructions across different complexes as described below. These data reveal that, in the 'front' view in Fig. 1c (schematized in Fig. 1d ) with p65 at the bottom, TERT occupies the centre of the particle and 7-1-4 subunits form the top. Teb1 projects from the middle layer to the right. The p50 subunit is also part of the middle layer, networked between TERT, 7-1-4 and Teb1 ( Fig. 1c, d ). Numerous inter-subunit appositions generate an intricate and highly contoured surface.
The structure of the RNP catalytic core Based on the determined subunit locations we fit the crystal and NMR structures of TER and protein domains in the electron microscopy density map of Teb1-F telomerase to generate a model of the entire RNP catalytic core ( Fig. 2a and Supplementary Video). The RT and CTE domains of Tetrahymena TERT were homology modelled 27 from the Tribolium castaneum TERT crystal structure 18 and combined with the crystal structures of Tetrahymena partial TRBD 15 and TEN 16 domains as described in Methods. The modelled TERT TRBD-RT-CTE fits in only one orientation ( Fig. 2a, b and Supplementary Fig. 7a , b). The position of the TERT CTE is consistent with the location of the C terminus identified in the 3D reconstruction of TERT-F-Fab telomerase ( Fig. 1c and Supplementary Fig. 5a ) 17 . The TEN domain was placed into density remaining after determination of subunit boundaries of the adjacent Teb1C and p50, and oriented based on the homology model of human TERT 28 . The modelled Tetrahymena TERT TRBD interacts with the CTE, which is consistent with the Tribolium TERT crystal structures 17, 18 and isolated human TERT domain interactions 19 . There is electron microscopy density linking the TEN and CTE regions and the TEN and TRBD regions, which could correspond to the ,70 amino acids of potentially unstructured 
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TEN-TRBD linker 29, 30 and adjacent TRBD sequence missing from high-resolution structures 15, 16 , which crosslinks to ssDNA and improves template boundary definition 19, 31 . The C terminus of p65 is at the bottom of the particle, below TERT ( Fig. 1d and Supplementary Fig. 5d ). In the class averages and 3D reconstructions we observed particle subpopulations lacking part of the density at the bottom left of the particle ( Fig. 2c and Supplementary Figs 2, 3c and 5d), which must arise from loss of p65 N-terminal domain(s) due to partial proteolysis of this subunit common during holoenzyme purification 6 and/or consequent loss of positional constraints on the remaining La and RRM1 domains. The structure of the p65 C-terminal domain xRRM2-stem 4 (S4) complex 8 could therefore be localized and fit to the density present in all the 3D reconstructions ( Fig. 2a, d and Supplementary Fig. 7c, d ). The remaining parts of S1-SL4 and p65 La and RRM1 could then be modelled (see Methods). The p65 N-terminal domain (near S1) and the long b2-b3 loop within xRRM2 that was deleted in the crystal structure could occupy the remaining unmodelled density ( Fig. 2a) 8, 26 . Together these fittings provide the overall topology of p65-TER interaction ( Fig. 2a, d) .
Tetrahymena TER contains two major domains, the template/ pseudoknot (t/PK) and SL4, which are connected by S1 ( Fig. 1a ). Starting with the defined locations of the template in the active site of TERT 18 , S2 by MS2cp labelling, and SL4 in complex with p65 xRRM2 8 (Fig. 2d , magenta), and considering topological restrictions based on the length of the single-stranded regions of TER, a model structure of the PK, and S1, we traced a potential trajectory of the entire TER ( Fig. 2a, d, e ) fit into the remaining electron microscopy density. The template recognition element (TRE) seems to be close to the TEN domain, as implicated biochemically 32 , and the bottom of the PK is close to L4 ( Fig. 2a, d ). The locations of TER elements in the model are consistent with the large body of biochemical data on TER structure and function 4, 5, 33, 34 . Of particular significance are the welldetermined locations of the two TRBD binding elements, the TBE and L4 9,10,13,32 , which we find bind to two distinct regions of the TRBD, near the top left and bottom of the TERT ring, respectively ( Fig. 2b, d, e ).
Remarkably, only the apical loop of SL4 connects to the density assigned to TERT, resulting in a U-shape at the bottom of the holoenzyme formed by TER S1/SL4 bound by p65. (Fig. 2a, d, e ). The interaction of distal SL4 with TERT explains how it can stimulate telomerase activity when added to the t/PK in trans 35, 36 and how binding of p65 xRRM2 to S4 mediates hierarchical assembly of p65-TER with TERT 8-10 . The electron microscopy structure and model reveal that the TRBD bridges the TBE and L4, which are ,40 Å apart. In the model, distal SL4 approaches the 39 end of the PK, consistent with reported high fluorescence resonance energy transfer (FRET) between L4 and an internal PK position 37 . Although detailed interactions await a high-resolution structure, in the model the TBE contacts the TRBD in the T-pocket and CP-motif region (T-CP pocket) ( Fig. 2f ), which is consistent with biochemical data 12, 14, 15 , and distal SL4 is flanked by the CTE and TRBD (Fig. 2g ), potentially contributing to folding of TERT around TER.
p50 anchors the accessory proteins
The catalytic activity associated with telomerase purified using ZZF-p50 has low RAP, in contrast with the high-RAP activity enriched by the much lower yield of holoenzyme purified by p50-FZZ (Fig. 3a ). The Fab labelling showed that the N terminus of p50 and the C terminus of Teb1 are relatively close together ( Fig. 1c and Supplementary Fig. 5b , c). Comparison of the class averages of F-p50 and Teb1-F telomerase shows that all F-p50 telomerase particles lack density for Teb1 and reveals the boundary of Teb1 by difference map (Fig. 3b ). The boundary of p50 was further defined by comparing class averages from a small subclass of particles containing only the RNP catalytic core, which was observed only in the MS2cp-bound MS2hp telomerase, with class averages containing p50 ( Fig. 3c ). Superpositions of 3D reconstructions of Fab-F-p50 and Teb1-F telomerase on TERT-F telomerase lacking Teb1 (see below) show that Fab bound to the N terminus of F-p50 occupies the same space as Teb1 ( Fig. 3d ). Together, these results identify the locations of Teb1 and p50, show that p50 interacts directly with the RNP catalytic core, and reveal that Teb1 is in close proximity to the N terminus of p50 and to TERT. The holoenzyme structure therefore explains the low-RAP activity of purified N-terminally tagged p50 ( Fig. 3a ), because enzyme purification by the N-terminal ZZF-p50 tag disrupts Teb1 binding. Beyond density assigned to the RNP catalytic core, Teb1, and p50, the remaining density in the top part of the 3D map is occupied by the 7-1-4 subcomplex. Taken together, 3D reconstructions reveal a central location for p50 in holoenzyme architecture, as an interaction hub between TERT, 7-1-4 and Teb1 (schematized in Fig. 3f ).
Assigning function to subunit architecture
In parallel with structural analysis, we developed a method for holoenzyme reconstitution from entirely recombinant subunits. RNP catalytic 
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core with TERT-F was preassembled in rabbit reticulocyte lysate (RRL) and then combined with RRL-expressed p50 and/or 7-1-4 and/or bacterially expressed Teb1BC (see Methods) 21 (Fig. 3g ). Direct primerextension assays showed that addition of 7-1-4 or Teb1 alone did not alter the low-RAP product synthesis profile of the RNP catalytic core, but addition of p50 alone stimulated enzyme activity and the synthesis of multi-repeat products (Fig. 3g, lane 3) . For p50-containing enzymes, 7-1-4 alone increased the amount of product (Fig. 3g , lane 5), Teb1 alone increased product length (lane 7), and their combination into complete holoenzyme was synergistic for increased activity level and long product synthesis (lane 8). These in vitro biochemical activities of p50, 7-1-4 and Teb1 were evident within a 5-min reaction time that allowed all product DNAs to be resolved by gel electrophoresis (Fig. 3g ) or with the additional time and concentration of dGTP that supported very long product synthesis ( Supplementary Fig. 8 ). The p50-dependent activity of 7-1-4 and Teb1 explains the presence of p50 in virtually all of the electron microscopy structures. Previous reconstitution assays combined RRL-assembled recombinant RNP catalytic core, bacterially expressed Teb1 and endogenously assembled Tetrahymena proteins that remained bound to p45-F after micrococcal nuclease treatment of purified holoenzyme 20, 21, 38 . We found that the 7-1-4 complex isolated by this method does not completely dissociate p50, which as a full-length protein co-migrates with p45-F ( Supplementary Fig. 6 ). The presence of residual p50 accounts for the reconstitution of holoenzyme-like catalytic activity by complementation of the RNP catalytic core and Teb1 in previous assays 20, 21, 38 . Reconstitutions using entirely recombinant holoenzyme subunits demonstrate a p50-dependent influence of 7-1-4 or Teb1 on RNP catalytic activity ( Fig. 3g ), consistent with their locations in the electron microscopy structures (Fig. 3e, f ).
Teb1 domains are positionally flexible
All telomerase preparations except for those with tagged Teb1 have ,5% of particles missing density for Teb1 in the class averages and 3D reconstructions ( Fig. 3e and Supplementary Fig. 2 ). This is not surprising, because Teb1 is sensitive to proteolysis and dissociation during holoenzyme affinity purification 6 . To identify specific Teb1 domains in the structures, we constructed strains in which TERT was C-terminally tagged at its endogenous locus with only tandem protein A domains (TERT-ZZ) and an N-terminally F-tagged Teb1C or Teb1BC was expressed from an integrated transgene. Holoenzyme particles isolated by tandem affinity purification of TERT-ZZ/F-Teb1C or TERT-ZZ/F-Teb1BC had the expected high RAP ( Fig. 4a ) and virtually identical class averages and 3D reconstructions to each other and to those from purified Teb1-F ( Fig. 4b-d and Supplementary Fig. 4a ). Because Teb1C mediates Teb1 association with other holoenzyme proteins 21 and the N-terminal tag on Teb1BC absolutely requires the associated holoenzyme to contain Teb1B, we conclude that the Teb1B domain is positionally flexible and therefore did not appear in the class averages and 3D reconstructions. Similarly, for Teb1-FZZ purified particles, which could contain all of the Teb1NABC domains, only Teb1C is visible in the majority of class averages. Teb1C was modelled into the electron microscopy density map ( Fig. 2a ) based on the position of the C terminus identified by Fab labelling and the best fit with the shape of the electron microscopy density. The orientation around the y axis is not definitive. We observed a small set of class averages (containing ,5% of the particles) of F-Teb1BC and Teb1-F telomerases that show a weak extra density above Teb1C (Fig. 4c, d) , which we assign to Teb1B. The conformational flexibility of Teb1 NAB domains relative to Teb1C is consistent with structural studies of the paralogous large subunit of replication protein A, which has three DNA-binding OB-fold domains that become ordered relative to each other only upon binding to ssDNA 39 .
7-1-4 subcomplex has multiple orientations
Neither high-resolution structures nor exact biological functions of the 7-1-4 subunits are known. Both the electron microscopy structures and previous biochemical data 6, 21 indicate they constitute a stably assembled subcomplex. Because no class averages lacking an individual 7-1-4 subunit were observed, inter-subunit boundaries could only be inferred from the class averages and Fab labelling of the C termini of p19 and p75, which showed that these two subunits are close together. In all class averages and 3D reconstructions, the major class of particles had a 7-1-4 conformation with p75 positioned across the top of the RNP catalytic core ( Fig. 1c and Supplementary  Fig. 2 ) in the stable conformation ( Fig. 5 ). All telomerase samples show other positions of 7-1-4 in which it hinges away from the RNP catalytic core while maintaining a physical connection to p50 ( Fig. 5 and Supplementary Fig. 3c ). In these other conformations, the region of the class averages where 7-1-4 is located appears 'fuzzier' Reactions were for 5 min. RC is a radiolabelled oligonucleotide added to telomerase products as a precipitation recovery control.
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than the rest of the particle, consistent with conformational variability in this part of telomerase holoenzyme. In ,10% of class averages from every purification, including those with tagged p75 or p45, no 7-1-4 density is visible, indicating that some 7-1-4 positions are not well defined relative to the RNP catalytic core ( Fig. 3e and Supplementary Fig. 2 ). Binding of MS2cp to MS2hp holoenzyme seems to favour p75 displacement from the stable position ( Fig. 1c and Supplementary  Fig. 5g ). Analysis of the various conformations indicates that 7-1-4 is rotating as an intact substructure ( Fig. 5 ). Telomerase product DNA can be ultraviolet crosslinked to p45 as well as the TERT TEN domain 31, 40 , which suggests that at least some orientations of 7-1-4 must bring p45 close to DNA.
Implications for holoenzyme assembly and function
TERT and TER comprise a minimal set of telomerase subunits for repeat synthesis in vitro 5, 41 , but despite extensive efforts the 3D arrangement and molecular interactions between TERT and TER have not been previously defined. Although divergent in size and sequence, TERs contain a t/PK domain and almost without exception a separate activating domain (SL4 in Tetrahymena), each with a TERT binding site 33, 42 . Here we have unambiguously located two elements of Tetrahymena TER that constitute known binding sites for TERT and modelled a path of the entire TER. The functional equivalent of Tetrahymena TER distal SL4 in vertebrate TER is P6/P6.1, which ultraviolet crosslinks to the same region of the TRBD where L4 is located in our model 43 . Our model structure thus provides insight into human telomerase TERT-TER interactions and explains the separable interactions of the TERT binding elements on the t/PK and activating domains of TER. Using classification and/or 3D reconstruction of 16 differently labelled telomerase samples ( Supplementary Table) , we were able to identify the subunit arrangement of the holoenzyme. The electron microscopy results together with reconstituted enzyme activity assays suggest a subdivision of holoenzyme functional units: the TERT-TER-p65 catalytic core, p50-Teb1, and 7-1-4. Both structure determination and activity assays of reconstituted holoenzyme subcomplexes establish a central role for p50, a subunit lacking any predicted domain folds. The electron microscopy data reveal that 7-1-4 is a structural unit with dynamic orientation relative to the rest of the holoenzyme. We suggest that the positional dynamics of 7-1-4 coordinate telomerase holoenzyme with additional telomere synthesis or processing activities.
In the model for holoenzyme subunit interactions, the TERT TEN domain, the lower region of p50 and Teb1C have a triangulated arrangement that suggests coordination by pairwise direct contacts. The TERT TEN domain is required for RAP and has been implicated in both ssDNA and TER binding 5, 41, 42 . Although Teb1 seems to contact TERT, subcomplex structures never have Teb1 in the absence of p50, and reconstituted enzyme activity assays do not show Teb1 function in the absence of p50. The assembly of p50 with the RNP catalytic core markedly increases processive repeat synthesis, indicating that p50 stabilizes enzyme association with ssDNA in potential functional analogy to yeast Est3 and vertebrate TPP1 [44] [45] [46] [47] [48] , favouring a productive TERT TEN domain conformation and/or providing additional ssDNA contact. Subsequent p50-dependent recruitment of Teb1 further enhances activity, which we speculate could occur through interaction of p50 and the Teb1C OB fold. The physical location of p50 determined by electron microscopy and its functional significance determined by reconstitution assays suggest that p50 could be a critical determinant of holoenzyme assembly in vivo. This first view of the architecture of a complete telomerase holoenzyme provides unprecedented opportunity to understand the biological mechanisms for coupling of telomerase to its telomere substrates.
METHODS SUMMARY
Tetrahymena strain constructions and steps of tag-based affinity purification were done as described 6 and as in Methods. To label the tagged subunit for electron microscopy, telomerase particles were first purified using anti-Flag M2 antibody resin then bound to rabbit-IgG resin. The telomerase-bound IgG resin was then incubated with Fab derived from anti-Flag M2 IgG, and elution was effected by protease cleavage. Negatively stained electron microscopy specimens were prepared with fresh telomerase samples, stained with 0.8% uranyl formate, and examined with an FEI Tecnai F20 electron microscope operated at 200 kV. Frozen hydrated specimens were prepared using Quantifoil grids and imaged with an FEI Titan Krios electron microscope operated at 120 kV. The image processing tasks, including image classification and RCT reconstruction, were performed as described in Methods.
Telomerase activity assays were performed at room temperature using purified telomerase complexes on Flag antibody resin with standard Tetrahymena holoenzyme reaction conditions using 0.3 mM 32 P-labelled dGTP. Holoenzyme reconstitution used synthetic genes encoding TERT-F, p75, p65, p50, p45 and p19 for 
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expression in RRL; TER purified following in vitro transcription by T7 RNA polymerase; and N-terminally His 6 -tagged Teb1BC purified following bacterial expression 21 .
METHODS
Strain construction, growth and analysis. Tetrahymena strains TERT-FZZ, Teb1-FZZ, p75-FZZ, p65-FZZ, p50-FZZ, MS2hp, p45-FZZ and p19-FZZ were previously described 6, 23 . New strains ZZF-p50, TERT-ZZ/F-Teb1C and TERT-ZZ/F-Teb1BC were selected for targeted replacement of the endogenous locus (ZZF-p50 or TERT-ZZ) and/or for MTT1 promoter-driven transgene integration at BTU1 (F-Teb1C, F-Teb1BC) using the neo2 and bsr2 cassettes 6, 49 . Cells were grown to mid-log phase (2-4 3 10 5 cells per ml) at 30 uC in modified Neff medium (0.25% proteose peptone (EMD Milipore Chemicals), 0.25% BD Bacto yeast extract (Becton Dickinson), 0.2% glucose, 30 mM FeCl 3 ). For largescale purifications, transgene expression was induced by addition of 6 mM CdCl 2 1 h before harvesting. Cell extract preparation and affinity purifications for subunit identification and activity assays were performed as described 6 . Genotypes were verified by Southern blots and western blots using rabbit IgG (Sigma) to detect the ZZ tag or anti-Flag M2 mouse monoclonal antibody (Sigma) to detect the Flag tag. Reconstituted enzyme activity assays were performed at room temperature using purified telomerase complexes on Flag antibody resin following standard Tetrahymena holoenzyme reaction conditions (50 mM Tris-acetate, pH 8.0, 10 mM spermidine, 5 mM 2-mercaptoethanol, 2 mM MgCl 2 , 100 nM d(GT 2 G 3 ) 3 , 200 mM dTTP, and 0.3 mM 32 P-labelled dGTP) for 5 min or with 3.0 mM 32 P-labelled dGTP for 15 min 6 . Holoenzyme reconstitution used synthetic genes encoding TERT-FZZ, p75, p65, p50, p45 and p19 for expression in RRL; TER purified following in vitro transcription by T7 RNA polymerase; and N-terminally His 6 -tagged Teb1BC purified following bacterial expression 21 .
Cell extract preparation and affinity purification for electron microscopy. Cells were collected by centrifugation (5 min, 2,100g), washed in 20 mM HEPES NaOH, pH 8.0, and then resuspended in lysis buffer (30 ml per l of growth) containing H2EG50 (20 mM HEPES NaOH, pH 8.0, 50 mM NaCl, 1 mM EDTA TS, 1 mM TCEP HCl, and 10% glycerol) supplemented with 0.1% Triton X-100, 0.2% IGEPAL CA-630, 0.1 mM PMSF, 5 mM proteosome inhibitor MG-132, and 1,000-fold dilution of Sigma Protease Inhibitor Cocktail P8340. To effect cell lysis, resuspensions were rotated end-over-end for 20 min and cleared by ultracentrifugation (1 h, 145,000g ).
To minimize proteolysis, all purification steps were carried out at 4 uC and additional washes were used in the early steps of purification as described below. Rabbit-IgG agarose slurry (Sigma) (3 ml per ml of cell extract) was washed 33 in lysis buffer, then added to cell extract for binding with end-over-end rotation overnight. Resin was collected by centrifugation (1 min, 3,200g) and washed 33 with no incubation and then 33 with end-over-end rotation (10 min) in wash buffer (20 mM HEPES NaOH, pH 8.0, 50 mM NaCl, 1 mM MgCl 2 , 1 mM TCEP HCl, 10% glycerol, and 0.1% IGEPAL CA-630). Telomerase was eluted with tobacco etch virus (TEV) protease (30 nM) in wash buffer for 1 h. After elution, supernatant containing holoenzyme was incubated with washed anti-Flag M2 affinity gel (Sigma) for 1 h (4 ml slurry per g of pelleted cells). After binding, anti-Flag M2 affinity gel was washed as above. Elution was effected by addition of glycerol-free wash buffer containing 33Flag peptide (Sigma, 200 ng ml 21 ). Fab labelling for subunit identification. Anti-Flag Fab was prepared by incubating monoclonal mouse anti-Flag M2 IgG (Sigma) with resin-immobilized papain (Thermo Scientific Pierce) and purified according to the manufacturer's protocol. To prevent masking of the 33Flag epitope present on the target subunit by the 33Flag peptide required for elution, the tandem purification was done in reverse order with anti-Flag M2 affinity gel purification followed by rabbit-IgG agarose purification. Washing and elution were done as described above. To effect Fab labelling, holoenzyme-enriched rabbit-IgG agarose was incubated (1 h, 4 uC) with wash buffer containing anti-Flag Fab (7.5 mg ml 21 ). Excess Fab was removed by washing 53 with wash buffer. Labelled holoenzyme was eluted with wash buffer containing His 6 -TEV protease (2 nM). After elution, His 6 -TEV protease was removed from the elution by incubating with washed Ni-NTA agarose (30 min, 4 uC). Holoenzyme purification by MS2cp. Tetrahymena expressing MS2hp TER were collected, lysed and clarified as described above. N-terminal His 6 -ZZF-MS2cp bacterially expressed from pET28 was purified using Ni-NTA agarose. Rabbit-IgG agarose was incubated with His 6 -ZZF-MS2cp in a 1:1 stoichiometry to anticipated holoenzyme yield based on previous preparations. The enriched rabbit-IgG agarose was then washed 33 and added to clarified extract for overnight incubation. Purification then proceeded as described above. Electron microscopy specimen preparation and data collection. For negative staining electron microscopy, 2 ml of telomerase sample was applied to a glowdischarged grid coated with carbon film. The sample was left on the carbon film for 10 s, followed by negative staining with 0.8% uranyl formate. Negatively stained specimens were carefully examined by electron microscopy, and only the regions with particles fully embedded in stain were selected for imaging. Electron microscopy micrographs were recorded on a TIETZ F415MP 16-megapixel CCD camera at 68,0273 magnification in an FEI Tecnai F20 electron microscope operated at 200 kV. The micrographs were saved by 23 binning and had a pixel size of 4.4 Å . To overcome the problems of preferred orientation and structural variability of the samples, 3D reconstructions were carried out using RCT method, which takes advantage of classification to differentiate different conformations and tilting to get lateral views for 3D reconstruction 22 . RCT images were collected with the grids tilted at two angles successively (65u and 0u) for each specimen area of interest with the assistance of Leginon automation software 50, 51 . To minimize the potential smearing/stretching on 3D maps due to the missing cone problem in RCT data collection, a high tilt angle (65u) was used. For samples where only 2D image analysis was performed, micrographs were taken without tilting of the grids. Total numbers of micrographs and particles used for analysis are summarized in the Supplementary Table. For cryo-electron microscopy, 2.5 ml of sample was applied to a glow-discharged Quantifoil R2/1 grid. The grid was then blotted with filter paper to remove excess sample, and flash-frozen in liquid ethane with an FEI Vitrobot Mark IV. The grid was loaded into an FEI Titan Krios electron microscope operated at 120 kV. Micrographs were acquired with a Gatan UltraScan4000 16-megapixel CCD camera at 65,1623 magnification with defocus values ranging from 21.9 to 24.0 mm and an exposure dose of 20 e 2 Å 22 , and without tilting of the grids. The micrographs with a pixel size of 2.3 Å were used for data processing without binning. 2D image reference-free classification. Particles from the untilted micrographs were automatically picked using DoGpicker 52 . All particles in the micrographs, including a small number of aggregated particles, were initially picked to avoid bias in selecting particles. Particles were boxed out in 96 3 96 pixels (or 144 3 144 pixels for cryo-electron microscopy images) using batchboxer in EMAN 53 . The defocus value of each micrograph was determined by CTFFIND 54 and the particles were corrected for contrast transfer function (CTF) by phase-flipping with the corresponding defocus and astigmatism values using bsoft 55 . The phase-corrected particles were then iteratively (normally 9 iterations) classified using the refine2d.py program in EMAN. The classification for each sample was done independently without using any model or reference. The aggregated particles clustered in the few classes showing poor structures were manually eliminated during the iterations of classification. For the samples at very low concentration (Fab-labelled p75-F, p19-F and p65-F telomerase, and MS2cp-labelled MS2hp telomerase), a looser criterion for DoGpicker was used to pick more particles and consequently some 'fake' particles from the stain background were also selected. The class averages were visually inspected at several different iterations of classification to remove the 'fake' particles that were clustered in a small set of class averages that show no structural features.
For the RCT 3D reconstructions (Supplementary Table) , the screened particles from the above steps were re-classified using the Correspondence Analysis method in SPIDER 56 .The class averages from the above EMAN classification step were used as references for multi-reference alignment in SPIDER. Each new class from this analysis was used for an RCT 3D reconstruction. RCT 3D reconstruction and refinement. Corresponding particles from tilt pairs (65u and 0u) were picked using ApTiltPicker.py in Appion 52 modified to optimize automatic particle picking and verified by visual inspection. The 0u tilt particles were classified as described above. Next, 3D RCT maps were reconstructed from 65u tilt particles. Particles within each class of the 0u tilt data set all have the same conformation and the same orientation except in-plane rotation. Their corresponding 65u tilt particles have different orientations due to in-plane rotation and were combined to reconstruct one 3D map. Each 3D map was iteratively refined with SPIDER followed by FREALIGN 57 by refinement of the centre of 65u tilt particles in the corresponding class. A representative refinement procedure is shown in Supplementary Fig. 3b . The orientations of 65u tilt particles were calculated from the in-plane rotation of the corresponding 0u tilt particles and the geometric relationship between the 65u and 0u tilt micrographs, and kept fixed during structure refinement. Multiple 3D maps were generated from RCT 3D reconstruction because particles in different conformations were classified into different classes each of which generated an individual 3D map. Representative 3D maps are shown in Supplementary Fig. 3c . Each 3D map was refined using only the 65u tilt particles in its corresponding class. The defocus value of each 65u tilt particle was calculated by CTFTILT program 54 and then applied to 3D reconstructions with FREALIGN for proper correction of phase and amplitude in CTF.
To estimate the resolution of the representative 3D map of Teb1-F telomerase in the 'stable' conformation, the 2,220 65u tilt particles used to reconstruct that 3D map were split into odd-and even-numbered halves and the halves of data were used to reconstruct two 3D maps with FREALIGN using the determined orientations and image centres, respectively, to calculate Fourier shell correlation (FSC). The resolution is 25 Å at FSC 5 0.5 ( Supplementary Fig. 4b ). For comparison, the FSC was also calculated using the recently introduced 'gold standard' FSC method 58 , in which the halves of data (both 65u and 0u tilt) were split at the beginning for independent orientation determination, 3D reconstruction, and refinement to generate two independent 3D maps. The 'gold standard' FSC suggests resolutions of 29 Å at FSC 5 0.5 and 24 Å at FSC 5 0.143 ( Supplementary Fig. 4b ). Since a high tilt angle (65u) was used for RCT 3D reconstructions, the missing cone was minimized and did not have notable impact on the structural interpretation of the 3D maps at the present resolution. Evaluation of sample integrity by size-exclusion chromatography (SEC). To confirm that the affinity-purified telomerase holoenzymes were intact after purification and that negative staining did not induce significant aggregation, we obtained an SEC profile of a sample of affinity purified TERT-F telomerase and electron microscopy images from the peak fractions ( Supplementary Fig.  1c, d) . The sample (50 ml) was run at 50 ml min 21 on a Superdex 200 column in the same buffer used for the electron microscopy samples except IGEPAL CA-630 was replaced by Tween-80. The SEC profile shows that the telomerase holoenzyme runs as a single peak with a constant A 260 nm /A 280 nm ratio indicative of a largely intact RNA-protein complex. The class averages of particles from the peak fraction are identical to those for the affinity-purified sample (data not shown). There are no later eluting peaks from dissociated subunits (which would have different A 260 nm /A 280 nm ratios). Localization of Fab-labelled subunits. Each protein was assigned by identifying the characteristic Fab density in the class averages and 3D reconstructions. The 33Flag tag allows up to three Fabs to bind simultaneously. Fab was observed attached to all tagged telomerase particles except for p45-F. For p45-F telomerase, Fabs were observed bound to free p45-F protein, while the p45-F telomerase holoenzyme particles appeared unchanged. The location of p45 in the holoenzyme was therefore assigned based on the density remaining after assignment of TERT-F, Teb1-F, p75-F, p65-F, F-p50 and p19-F. Fitting of atomic models into the 3D electron microscopy maps. The homology model of Tetrahymena TERT RT-CTE domains was built using amino acids 520-1117 and the Tribolium TERT crystal structure (PDB ID: 3KYL) as a template with SWISS-MODEL 27 . The model of Tetrahymena TERT (TRBD, RT, and CTE domains) was built by joining the crystal structure of Tetrahymena TRBD (PDB ID: 2R4G) and the homology model of RT-CTE domains using the Tribolium TERT crystal structure as reference for structural alignment. The model of Tetrahymena TERT was then manually placed in an approximate position in the electron microscopy density map, followed by docking into the electron microscopy density map accurately using the ''Fit in Map'' function in UCSF Chimera 59 . The location of the TEN domain, absent in Tribolium TERT 17 , was supported by definition of the subunit boundaries of the adjacent Teb1C and p50. The crystal structure of Tetrahymena TERT TEN domain (PDB ID: 2B2A) was manually placed into the electron microscopy density map. Its position was iteratively adjusted to fit the empty density adjacent to the boundaries of Teb1 and p50 and the rest of TERT. Because the orientation of the TEN domain could not be determined based on the electron microscopy density due to the limit of resolution, we oriented it to be consistent with the homology model of human TERT 28 . For fitting of p65 xRRM2:SL4, the putative electron microscopy density of p65-TER cut from the full electron microscopy density map was used in order to avoid interference from unrelated structures. The model of p65 xRRM2:SL4 8 was manually placed in the electron microscopy density map based on the location of the C terminus determined by Fab labelling and then docked using the ''Fit in Map'' function in UCSF Chimera. Its position was further manually adjusted to avoid clashing with the model of TERT. To confirm the fittings of TERT and p65 xRRM2:SL4, these two structures were also fit into the electron microscopy density map using the colores program in Situs 60 . The fitting with colores was automated by 6D-space search and contour-based matching, and did not require manual placing of high-resolution structures to approximate positions in electron microscopy density maps. The crystal structure of Teb1C (PDB ID: 3U50) was manually placed into the electron microscopy density map and its orientation was adjusted so that the position of its C terminus was consistent with the result from the Fab labelling experiment. The homology model of p65 La-RRM1:AUUUU-39 8, 61 was manually placed into the electron microscopy density map, and its orientation was adjusted to match the shape of the electron microscopy density map. Cross-correlation for the fittings were: TERT TRBD-RT-CTE, 0.91; TERT TEN, 0.84; p65 xRRM2:SL4, 0.80; p65 La-RRM1:AUUUU-39, 0.86; and Teb1C, 0.82. Although the position and orientation of p65 xRRM2:SL4 are well determined, the cross-correlation coefficient reflects the absence of the b2-b3 loop and amino acids linking xRRM2 to RRM1 in the crystal structure 8 . Structures of SL2, distal SL4 and the PK. Previously reported NMR structures of SL2 and distal SL4 25, 26 were re-refined using a new nuclear Overhauser enhancement (NOE) restraint list derived from re-analysis of all previously obtained 2D nuclear Overhauser enhancement spectroscopy (NOESY) and 3D NOESY-heteronuclear multiple quantum correlation (HMQC) spectra and a new set of residual dipolar couplings (RDC) restraints (63 for SL2 and 48 for distal SL4) collected using pf1 bacteriophage for the alignment media. The new PDB accession numbers for SL2 and distal SL4 are 2M22 and 2M21, respectively, and BMRB accession numbers are 18892 and 18891, respectively. A grid search produced optimal values for the magnitude and asymmetry of the RDC alignment tensor of D a 5 222.3 Hz, R 5 0.38 for SL2, and D a 5 217.5 Hz, R 5 0.40 for SL4. The structures were calculated from an extended, unfolded RNA conformation using XPLOR-NIH v.2.9.8 62,63 following standard XPLOR protocols. A model structure of the PK was generated based on the secondary structure and two U-A-U triples predicted by sequence analysis 64 . XPLOR-NIH was used to calculate the structure from an extended RNA conformation as previously described 62, 63 . A mock NMR restraint list was derived based on the solution structure of the human telomerase PK 65 . For the two stems, A-form RNA restraints were used for the dihedral angles and NOEs. NOEs for residues in the stems include H6/H8 (Py/Pu) to its own sugar protons and to the sugar protons (H19, H29, H39, H49) of the n 2 1 residue, H6/H8 to H6/H8 sequential, and imino sequential NOEs. For the PK loop 1, base-triple hydrogen bond restraints, planarity restraints with PK stem 2 residues, and sequential stacking NOEs were used to form the structured triple helix. PK loop 2 was given H6/H8 sequential NOEs and H6/H8-H19 NOEs within the minor groove of PK stem 1 to place it in the expected conformation. Modelling of TER. First, the position of the template in TER was determined by matching the crystal structure of Tribolium TERT-nucleic acid complex (PDB ID: 3KYL) with the docked model of Tetrahymena TERT. Second, the position of SL4 was determined by the docking of the atomic model of p65 xRRM2:SL4 complex into the electron microscopy density map. Third, the atomic model of SL2 was manually placed into the electron microscopy density map and its position was iteratively adjusted to match the result from MS2cp labelling experiment. S1 (modelled as A-form RNA) and the PK were placed into the electron microscopy density map based on physical constraints with the rest of TER. S1 is connected to S4 by 4 nucleotides and to S2 by 10 nucleotides. The model of the 31 nucleotide PK, which is connected to S1 by 3 nucleotides and to the template by the TRE, was fit into the only region of unoccupied density, between the TRBD and TEN domains, remaining after all the other major elements of TERT and TER were localized. Although the modelled positions of the TRE 39 to the template (Fig. 1a ) and the top of the pseudoknot could potentially be swapped with the TEN domain, they would still be on the same side (right side or behind in Fig. 2a or 2b, respectively) of the TERT TRBD-RT-CTE ring that has the active site and bound template. In either case, the TRE appears to be close to the TEN domain. The single-stranded regions of TER (except the template) were initially modelled as ideal A-form single-stranded RNA and their structures were modified using the ''Minimize structure'' function in UCSF Chimera to connect with their respective folded RNA fragments. The electron microscopy density maps and the modelled protein and RNA structures were visualized with UCSF Chimera.
